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Abstract
A comprehensive evaluation of coronary anatomy and atherosclerosis can be provided by MDCT. Currently,

several studies have used either manual or semi-automated algorithms for quantification of different plaque

characteristics, in particular the degree of luminal narrowing. Although the feasibility of these quantitative

algorithms has been demonstrated, further refinement of quantitative CT algorithms is currently indicated

to allow a comprehensive yet fully automated analysis of plaque characteristics.
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Automated quantification of coronary artery stenosis

Introduction
Multidetector row computed tomography (MDCT) allows non-

invasive evaluation of coronary artery disease (CAD) with excellent

image quality and diagnostic accuracy as compared to invasive

coronary angiography.1-3 In recent years, rapid technological

advances have led to an enormous increase in the use of MDCT

imaging for non-invasive evaluation of patients with known or

suspected coronary atherosclerosis.

One of the advantages of MDCT imaging is the fact that it provides a

detailed overview of coronary anatomy (including the location of

coronary ostia, coronary tree dominancy, tortuosity and coronary

angulation) as well as comprehensive analysis of coronary stenosis

(extent, distribution and location). Moreover, the technique is not

restricted to luminography and additional important information on

coronary plaques can be easily derived, including plaque

morphology, degree of plaque remodelling, plaque burden and the

longitudinal length of atherosclerotic lesions. Such an integrated

analysis of coronary atherosclerotic disease may provide important

information to risk stratify patients for potential forthcoming

cardiovascular events, and while it can also be used to guide future

therapeutic clinical interventions, including percutaneous coronary

intervention.

At present, MDCT images are most commonly post-processed and

evaluated by an experienced reader using a visual approach.

However, the introduction of dedicated algorithms for automated

quantification of plaque characteristics may further improve

diagnostic accuracy and reproducibility of MDCT imaging.

Moreover, automated quantitative approaches may reduce the

amount of time required to evaluate MDCT images. Accordingly, the

development and validation of novel quantitative approaches for

MDCT imaging are increasingly attracting interest.

The current review will provide an overview of the currently available

approaches on MDCT to quantify plaque characteristics, with

particular focus on the quantification of stenosis severity.

Additionally, the review will discuss the potential role of quantitative

MDCT analyses to guide percutaneous coronary intervention

procedures.

Quantification of coronary artery stenosis
Invasive coronary angiography is considered the golden standard

for evaluation of stenosis severity in clinical cardiology.4 As

compared to the standard of reference, MDCT imaging has been

shown in several studies, including large multicentre trials, to be an

accurate technique for detection of significant coronary artery

luminal narrowing (≥50% stenosis).1-3 However, despite these

promising results, one of the major drawbacks of MDCT imaging

remains the fact that the degree of coronary stenosis is most often

determined visually using a dichotomous scoring system with 50%

lumen diameter stenosis as a cutoff.3,5 This binary approach

restricts the amount of potential useful information that can be

derived from MDCT imaging with regard to stenosis severity. For

clinical purposes, an accurate discrimination between low,

intermediate and high-grade stenotic coronary plaques is of

importance. In recent years, a large number of studies have

evaluated the performance of quantitative MDCT approaches to

assess the degree of coronary stenosis in a direct comparison to

invasive imaging techniques, including invasive coronary

angiography and grey-scale intravascular ultrasound (IVUS).5-10 An

interesting study was performed by Leber et al6 who evaluated the

accuracy of a manual quantification approach for assessment of the

degree of lumen diameter stenosis as compared to invasive

angiographic evaluation with quantitative coronary angiography

(QCA) and grey-scale IVUS. Using MDCT images, the grade of

stenosis was determined by dividing the minimal lumen diameter at

the level of the stenosis through the lumen diameter at the adjacent

non-diseased region. Quantitative measurements were performed

in longitudinal multiplanar curved reconstructions in two projections

similar as those used for QCA. In total, MDCT and invasive coronary

angiography were performed in 55 consecutive patients with known

or suspected coronary atherosclerosis, of whom 18 patients

underwent a combined examination with grey-scale IVUS. Reliable

quantitative analysis could be performed in 825 coronary segments

(using the 15-segment model). Overall, MDCT showed an only

moderate correlation with QCA (r=0.54) and IVUS (r=0.61) for

quantification of the degree of coronary stenosis. Importantly, sub-

analysis showed that quantification was particularly challenging in

distal coronary tree segments (segment 8 and 13) and marginal

coronary branches (segment 12, 14 and 15). Additionally, coronary

segments with heavily calcified lesions showed more often

misclassifications when compared to coronary segments without

severe calcified lesions. Moreover, it is important to note that the

degree of luminal obstruction was significantly underestimated with

MDCT as compared to grey-scale IVUS (41.1%±22.7% vs.

50.4%±14.0%, p<0.01). More recently, Cheng et al11 sought to

determine the relation between a visual multi-tiered grading system,

semi-automated MDCT quantification of stenosis severity and QCA

in 84 patients who had undergone invasive coronary angiography

and MDCT imaging. Only interpretable native coronary segments

with a diameter stenosis of ≥25% were included. All non-stented

coronary segments were evaluated by two experienced and blinded

MDCT readers who visually graded segments as follows: 0=0%,

1=1 - 24%, 2=25 - 49%, 3=50 - 69%, 4=70 - 89%, 5=90 - 100%.

All coronary segments were also quantified by a semi-automated

approach using a manually determined proximal and distal

reference region, representing an approximation of the normal

coronary vessel tapering. The reference regions were used to

determine luminal narrowing at the level of maximal diameter

stenosis (lesion marker) on longitudinal images. Consecutively, the

degree of coronary stenosis, as derived from visual and semi-

automated MDCT analysis, was compared to QCA. In total, 278

coronary segments with ≥25% diameter stenosis were included.

Overall, the multi-tiered visual scoring system showed good

correlation to QCA (Kendall’s tau-b 0.76, weighted kappa 0.70,

p<0.05). Of note, the semi-automated MDCT approach showed no

improvement in diagnostic accuracy when compared to expert

visual grading. One of the potential explanations for these findings

may be the fact that the use of semi-automated quantification was

associated with large variability introduced by manual interference.

The minimal luminal diameter, the proximal and distal reference

points were assessed manually, as indicated in Figure 1, whereas
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a computed-assisted approach could have improved the accuracy

of the quantitative measurements.

Recently, Joshi et al10 aimed to determine the performance of

quantitative computer-assisted MDCT analysis in 48 patients using

grey-scale IVUS as the standard of reference. Quantitative coronary

angiographic MDCT analysis was used to calculate percentage

diameter stenosis on cross-sectional images. At first, semi-

automated detection of coronary lumen centreline was performed

with the use of vessel callipers, which could be manually adapted to

ensure true coronary lumen detection. Consecutively, proximal and

distal reference regions were defined by hand, after which the

program automatically calculated minimal lumen diameter and

minimal lumen area as well as the degree of percentage diameter

stenosis. In this study, a moderate correlation between MDCT and

IVUS was found for minimal lumen area (r2=0.41, p<0.01),

whereas no correlation was found between MDCT and QCA for

minimal lumen diameter (r2=0.01, p=0.57) or diameter stenosis

(r2=0.02, p=0.31). For moderate to severe calcified lesions, MDCT

showed no correlation for minimal lumen diameter (r2<0.01) and

area (r2<0.01) as well as percentage diameter stenosis (r2=0.06)

as compared to IVUS. However, for mildly calcified or non-calcified

lesions, MDCT showed significantly improved correlations with IVUS

for minimal lumen diameter (r2=0.40) and minimal lumen area

(r2=0.68).

Currently, the majority of studies have used semi-manual MDCT

approaches rather than dedicated automated segmentation

algorithms to quantify stenosis severity. Recently, the feasibility of a

novel dedicated algorithm for automated quantification of the

degree of coronary stenosis was shown in a subset of 93 patients

with known and suspected CAD.12 In this study, performance of the

novel quantitative algorithm was evaluated against QCA

measurements in 282 coronary lesions. Quantitative analysis

involved several automated processing steps, with less manual

interference when compared to previous attempts to calculate the

degree of stenosis (Figure 2). A 3D centreline of the region of

interest (ranging from proximal to distal marker) was obtained with

the use of a fast vessel tracking algorithm, which consisted of: (1)

pre-segmentation of the coronary vessel and (2) fastest path back-

tracking from distal to the proximal point. The 3D centreline was

used to generate a multiplanar reconstructed volume and four

longitudinal cross-sections of the region of interest. Finally, coronary

lumen borders were detected by a model guided minimum cost

approach (MCA) and used to quantify the percentage diameter

stenosis. The MCA used spatial first-, and second-derivative

gradient filters combined with knowledge of the expected

intracoronary CT intensity to detect the contours. The study showed

good correlations for quantification of percentage diameter stenosis

on a vessel- (n=282, r=0.83, p<0.01) and patient basis (n=93,

r=0.86, p<0.01), as shown in Figure 3. Importantly, MDCT scans

were also visually scored using a binary scoring system with 50%

MSCT for the interventional cardiologist

Figure 1. Quantification of stenosis severity on multidetector row
computed tomography (MDCT). Diameter coronary stenosis can be
manually determined by assessing the lumen diameter at the lesion
site and proximal/distal reference sites using either axial slices (panel
A) or cross-sectional images perpendicular to the centreline of the
vessel (panel B). Similarly, area stenosis can be calculated by tracing
lumen areas on the cross-sectional images (panel C).

Figure 2. Illustration of automated quantification of stenosis severity on multidetector row computed tomography (MDCT). The automated process
involved several consecutive processing steps: (A) Determination of proximal (red) and distal (green) reference markers on axial slices; (B) Automated
generation of the lumen centreline ranging from the proximal to distal reference marker; (C) Automated detection of lumen contours in transversal
and (D) longitudinal planes; (E) Quantification of stenosis severity was based on the interrelation between lumen diameter at the site of minimal
lumen diameter (yellow line, panel E) and the corresponding reference diameter (oblique orange line, panel E). The reference line  in panel E was
generated from proximal (green markers) and distal reference (red markers) regions. For this lesion (indicated by the blue markers, panel E), the
maximal degree of stenosis was 39.0%. Corresponding invasive coronary angiography view was shown in panel F. Data based on reference 12.
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diameter stenosis as a cut-off. An improved diagnostic accuracy

(95% vs. 87%, p=0.08) and positive predictive value (100% vs.

78%, p<0.05) was found for assessment of significant lesions

(≥50% diameter stenosis) using quantitative MDCT analysis as

compared to visual analysis.

Despite these promising results, one has to take into consideration

that the use of quantitative MDCT algorithms is currently only

feasible in data sets with good or moderate image quality. In case of

severe cardiac motion artefacts, decreased image/noise ratio or

suboptimal contrast arrival, the consistency of quantitative analyses

may be distorted, and if so, visual interpretation may be preferred in

these data sets. Additionally, quantification of atherosclerotic lesions

located at coronary bifurcations remains challenging. In such

lesions, visual analysis to evaluate stenosis severity may be

preferred, rather than automated quantitative MDCT analysis.

However, further improvement in quantitative MDCT algorithms

may enhance the diagnostic accuracy of automated quantification

and extend the analysis to more difficult cases. Moreover, rapid

technological developments have led to considerable improvement

in spatial and temporal resolution of the currently available MDCT

scanners. Potentially, the introduction of new MDCT scanners as

well as the continuous refinement of acquisition and post-

processing protocols may even further improve diagnostic image

quality of MDCT coronary angiography, resulting in an increased

number of data sets suitable for automated MDCT quantification.

Quantitative analysis of coronary plaque
characteristics
MDCT enables a comprehensive non-invasive evaluation of

coronary atherosclerosis beyond the isolated detection of significant

coronary artery stenosis. It provides information on location, extent

and distribution of coronary atherosclerotic plaques as well as a

wide variety of additional geometric plaque characteristics,

including plaque volume, plaque length and the degree of

remodelling (Figure 4). These variables may be valuable for risk

stratification as well as for planning of therapeutic coronary

interventions.13,14

Currently, comprehensive evaluation of the presence and extent of

coronary atherosclerosis is usually performed by visual analysis of

MDCT images. However, one of the major limitations of visual MDCT

analysis of plaque characteristics remains the fact that it is observer

dependent and requires substantial experience. Accordingly, several

attempts have been made that sought to determine the performance

of automated or computed-based algorithms for quantification of

plaque characteristics without extensive manual interference. The

use of automated quantitative algorithms may potentially improve the

robustness and reproducibility of MDCT analyses, and importantly,

the combined post-processing and interpretation of MDCT data sets

may become less time-consuming. Moreover, quantification of

plaque characteristics (e.g., plaque volume) with an automated and

robust approach becomes of special interest when using MDCT to

assess progression of coronary atherosclerosis.

Figure 3. Automated quantification of diameter stenosis (%) using dedicated software (QAngioCT) showed good correlation with quantitative
coronary angiography (QCA) on a vessel basis (panel A) (n=282, r=0.83, p<0.01) and patient-basis (panel B) (n=93, r=0.86, p<0.01). Data based
on reference 12.

Figure 4. Multidetector row computed tomography (MDCT) provides a
comprehensive overview of the coronary anatomy and coronary
atherosclerosis. The location, extent and morphology of atherosclerotic
plaques can be derived using multiplanar reconstructed volumes
(panel A and B). Additionally, with the use of quantitative algorithms,
detection of lumen (panel C) and outer vessel wall (panel D) contours
can be performed based on image gradients and lumen centre lines.
Consecutively, the detected contours allow evaluation of stenosis
severity, plaque burden, plaque length and the degree of remodelling.
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Plaque morphology
In recent years, the non-invasive evaluation of plaque morphology

and plaque configuration gained increasingly interest in clinical

cardiology, as these variables may be important predictors for

plaque rupture and acute coronary events.13,15 For this reason,

several studies have sought to evaluate the potential of MDCT to

quantify coronary plaque composition.16-18 Schroeder et al16

evaluated the diagnostic accuracy of plaque composition analysis

on MDCT using IVUS as the standard of reference. In total, 34

coronary plaques of 15 patients with chronic stable anginal

complaints were identified on both imaging modalities, including

non-calcified (n=12), mixed (n=5) and calcified (n=17)

atherosclerotic lesions. Differentiation of plaque composition was

performed visually by an expert observer. For each plaque type, the

mean attenuation (expressed in Hounsfield units [HU]) of 16

randomly selected locations within the intracoronary plaque

(defined as >40% luminal narrowing) was measured using a

dedicated post-processing software. On MDCT, the mean

attenuation was 14±26 HU for non-calcified lesions, whereas mixed

and calcified lesions showed a mean attenuation of 91±21 HU and

419±194 HU, respectively. Moreover, the mean attenuation values

on MDCT were significantly different for each IVUS-derived plaque

type (p<0.05). More recently, Leber et al18 performed a study that

aimed to assess the accuracy of plaque type characterisation on

MDCT in 46 patients with an increased risk profile. For each

coronary plaque, density measurements (HU) were performed at

each 3 mm coronary section using axial slices. After a raster

consisting of 1 mm2 boxes was placed for each 3 mm section,

density measurements were performed on five randomly selected

locations. In this study, the mean attenuation values were

49±22 HU (hypo-echoic), 91±22 HU (hyper-echoic) and

391±156 HU (calcified lesions). Accordingly, these studies have

indicated that MDCT imaging can be used to quantify different

types of plaque morphology. However, it has also been demonstrated

that further classification of plaque type using MDCT can be

difficult. Using IVUS, Pohle et al19 demonstrated that mean MDCT

density was significantly lower in lesions consisting mainly of

fibrofatty tissue as compared to fibrotic lesions. Nevertheless,

between individual lesions, substantial overlap in density values was

noted. Similar findings were reported by Choi et al20, evaluating 80

non-calcified plaques and compared findings to intravascular

ultrasound radiofrequency analysis (VH-IVUS). In addition,

differences in acquisition characteristics, including flow rate and

contrast agent, as well as patient characteristics such as cardiac

output and body weight, may substantially influence individual

measurements. Finally, one should also be aware of the restrictions

in spatial resolution of MDCT. In calcified lesions, the blooming

effect of the calcium may result in overestimation of the extent of

calcium and inaccurate classification of adjacent plaque areas. Vice

versa, one has to take into consideration that plaques deemed to be

entirely non-calcified on MDCT may contain small amounts of

calcium.21

Plaque volume, burden and remodelling index
A large number of studies have aimed to quantify plaque volume,

burden and the degree of remodelling using semi-automated MDCT

approaches.7,9,13,22 Leber et al7 sought to determine the accuracy of

plaque volume measurements using MDCT as compared to

invasive grey-scale IVUS in 20 patients. For both techniques, the

total plaque volume was measured by adding the semi-automated

detected plaque area per coronary section. The study showed a

good correlation for plaque volume (r2=0.69, p<0.01) (Figure 5)

between both imaging modalities, with a significant underestimation

for mixed (47.7±87.5 mm3 vs. 57.5±99.4 mm3, p<0.05) and non-

calcified (59.8±76.6 mm3 vs. 67.7±67.9 mm3, p<0.05) plaques.

Calcified lesions were slightly overestimated on MDCT when

compared to IVUS (65.8±110.0 mm3 vs. 53.2±90.3 mm3, p=0.19).

In addition, Bruining and colleagues9 used an automated MDCT

approach with limited manual interference to assess plaque volume

using IVUS as the standard of reference. In 48 symptomatic

patients, computed-assisted coronary plaque MDCT measurements

were performed by two independent observers. After the regions of

interest were matched for both techniques, they were extracted

from the 3D data set with the use of semi-automated vessel

MSCT for the interventional cardiologist

Figure 5. Semi-automated quantification of plaque volume as assessed with multidetector row computed tomography (MDCT) and intravascular
ultrasound (IVUS). A. Plaque volume was systematically underestimated with MDCT as compared to IVUS as shown in the Bland-Altman Analysis
(p<0.05). B. Good correlation was found for quantification of plaque volume between both techniques (r2=0.69, p<0.01). Data based on reference 7.
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extraction software (CURAD). Thereafter, for each region of interest,

lumen borders were automatically detected on the basis of an edge-

detection method using a dedicated filter (digital Deriche filter)

which calculated the gradient of the images. Of note, the automated

edge-detection method could only be used for detection of lumen

borders, whereas the vessel wall borders were manually outlined.

Using this approach, plaque volume was significantly overestimated

on MDCT when compared to IVUS (222±121 mm3 vs.

189±93 mm3, p<0.01). Importantly, for both readers, good

correlations were found between MDCT and IVUS for plaque

volume (r=0.74 and r=0.79). Similarly, Otsuka et al22 evaluated the

accuracy of quantitative plaque volume MDCT measurements in 47

patients as compared to IVUS. After coronary-tree extraction was

performed, plaque volume and plaque burden were measured

using manually-traced MDCT lumen and vessel wall contours

(Figure 6). The study found good correlations for regional plaque

burden (r=0.96, p<0.01) and plaque volume (r=0.98, p<0.01)

between quantitative CT and IVUS. In addition, good reproducibility

was observed as indicated by a Pearson’s correlation coefficient of

0.98 (p<0.001) and 0.91 (p<0.001), respectively, for intra-observer

and interobserver correlation.

Coronary plaque remodelling has also been recognised as an

important plaque characteristic that has been linked to increased

vulnerability.13,15 With IVUS as the standard of reference, several

studies have explored the potential of MDCT to assess coronary

plaque remodelling.13,23 Achenbach et al23 evaluated the feasibility

of MDCT to evaluate remodelling index in 44 patients with known

atherosclerotic plaques. In this study, plaque remodelling was

calculated by dividing the manually-traced cross-sectional vessel

wall area at the level of maximal luminal narrowing by the cross-

sectional vessel wall area at the proximal non-diseased reference

region, as indicated in Figure 7. Interestingly, the study demonstrated

Figure 6. Schematic illustration of plaque burden quantification as assessed with multidetector row computed tomography (MDCT). Coronary
arteries were extracted using semi-automated vessel extraction software. For each coronary artery, lumen plaque interface (red lines) and the outer
vessel wall border (green lines) were identified and manually delineated in at least 4 orthogonal L-mode views with rotational display of the
extracted coronary artery (step 1 and 2). Further refinement of the contour tracing was performed by referring to the corresponding transversal
images (step 3). Finally, plaque burden (blue line) was derived from the interrelation of vessel wall area (green line) and lumen area (red line).
Reprinted with permission from reference 22.

Figure 7. Quantitative approach for assessment of coronary plaque remodelling using multidetector row computed tomography (MDCT) (panel A)
and IVUS (panel B). With MDCT, remodelling index was calculated using manually-traced outer vessel wall area at the site of maximal luminal
narrowing (right panel) and non-diseased proximal reference region (left panel). A similar approach was used to calculate the degree of plaque
remodelling on IVUS. For both imaging modalities, the degree of remodelling was calculated by dividing the vessel wall area at the level of the
maximal stenosis by the proximal reference vessel wall area. Reprinted with permission from reference 23.
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that the degree of remodelling was significantly higher in patients

with non-stenotic lesions as compared to patients with stenotic

lesions (1.3±0.2 vs. 1.0±0.2, p<0.01). Moreover, remodelling index

as derived from MDCT showed good correlation with IVUS

(r2=0.82, p<0.01).

Future challenges
A systematic evaluation of atherosclerotic lesions requires the

detection of both lumen and outer vessel wall borders throughout

the coronary tree. Although the feasibility for automated detection of

luminal borders has been demonstrated12, the automated detection

of outer vessel wall borders remains a challenge as it is usually

hampered by subtle differences in image gradients, particularly in

peripheral coronary segments. A fully automated approach for

detection of outer vessel wall borders has not been validated yet for

clinical practice. Accordingly, the feasibility to quantify plaque

volume, burden and remodelling index have only been

demonstrated using semi-automated vessel wall border

detection.7,9,13,22 With the currently applied algorithms, extensive

manual interference is still required to generate reliable outer vessel

wall borders. Potentially, the introduction of advanced quantitative

algorithms (which are currently in development) in combination

with advances in scanner technology may further improve the

consistency of vessel wall and reference contour detection, leading

to improved quantification of plaque characteristics.

Quantitative computed tomography angiography
to guide percutaneous coronary interventions
Non-invasive evaluation of coronary atherosclerosis with the use of

MDCT imaging provides important information which can be used

to guide percutaneous coronary interventions. MDCT provides

integrated information on extent, location and distribution of

coronary atherosclerosis, beyond the isolated assessment of

coronary stenosis severity. More in-depth pre-procedural evaluation

of coronary plaques (stenosis severity, plaque location and length)

may be valuable for procedural planning and may increase

procedural success. For example, it has been recently

demonstrated that depicting the degree of calcification and the

length of an occluded segment on MDCT (which can be difficult on

invasive coronary angiography but can be easily derived from

MDCT) may predict the success of percutaneous treatment of

chronic total coronary artery occlusions.24 Bifurcation lesions

represent another challenge in interventional cardiology. One of the

underlying mechanisms of the observed lower angiographic

success rate of these lesions is the occurrence of coronary plaque

shifting or rupture, which may lead an occlusion of coronary side

branches. Pre-interventional MDCT assessment of the coronary

angulation and tortuosity as well as plaque location, severity and

composition could potentially prevent difficult and high-risk

percutaneous procedures.

Conclusions
MDCT imaging provides a comprehensive evaluation of coronary

anatomy and atherosclerosis. The majority of studies have used

semi-automated algorithms to quantify a wide variety of plaque

characteristics, predominantly focusing on the degree of luminal

narrowing. Despite promising findings, further refinement of the

quantitative MDCT algorithms is currently indicated. With the

introduction of such improved quantitative post-processing

algorithms, however, fully automated analysis of plaque

characteristics may become feasible and may provide valuable

information for the diagnosis and management of patients with CAD.
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